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ABSTRACT

Dilute I11-Ny-V 1.« alloys were successfully synthesized by nitrogen implantation in GaAs
and InP. The fundamental band gap energy for the ion beam synthesized 111-Nx-V 1.« alloys was
found to decrease with increasing N implantation dose in a manner similar to that commonly
observed in epitaxially grown GaN,As;.x and INNxP1.x thin films. The fraction of N occupying
anion sites ("active" N) in the GaN,As,.« layers formed by N implantation was thermally
unstable and decreased with increasing annealing temperature. In contrast, thermally stable
INN,P1.x alloys with N mole fraction as high as 0.012 were synthesized by N implantation in InP.
Moreover, the N activation efficiency in InP was at least afactor of two higher than in GaAs
under similar processing conditions. Thelow N activation efficiency (<20%) in GaAs can be
improved by co-implanting Gaand N in GaAs.

INTRODUCTION

It is now well established that incorporation of small amounts of nitrogen into GaAsto
form dilute GaNxAsy. aloys has a profound effect on the fundamental band gap [1-6]. Reduction
of the band gap by more than 100 meV per atomic percent of N wasfirst observed in GaN,AS; «
alloys grown by plasma-assisted metal organic chemical vapor deposition [2,3]. A similar gap
reduction was observed also in other 111-Ny-V 1.x sSemiconductor alloys [2-4,6-8]. The strong
dependence of the band gap as well as the lattice constant on the N content has made these N
containing I11-V aloys potentially important materials for long wavelength optoel ectronic
devices[9,10] and high efficiency hybrid solar cell applications [11,12]

There were several theoretical studies aimed at explaining the unusually strong
dependence of the fundamental gap on the N content in the GaN,As,.x alloys[13-16]. Recently,
Shan et al. [17] have shown that an anticrossing interaction between the narrow band of localized
N states and the extended conduction band states of the host semiconductor matrix givesriseto a
splitting of the conduction band into two non-parabolic subbandsin GaN,As,.« alloys[17,18].
According to this band anticrossing model, the dispersion relations for the upper and lower
conduction subbands in GaN,As;.x are given by [18]:

£, (=5 + B () /(E, ~E, (0] +4Cx @

where Ey isthe energy of the N level, Ey(K) isthe standard parabolic dispersion relation for the
host semiconductor matrix, and Cyy is the matrix element describing the coupling between N-
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Tablel. Detailed information on the N implantation conditions on the various samples.

Implant | Implanted N (%) | Energy (keV) | Dose (at./cm?) | Total dose (at./cm®)
N (single 0.8 160 4x10" 6.63x10™
implant) 77 1.7x10"
35 9.3x10™
1.6 160 8x10™ 1.326x10™
77 3.4x10"
35 1.86x10%
1.8 120 6.3x10% 9.5x10"
60 2.4x10%
35 8.0x10™
2.0 100 7.0x10" 1.03x10%
50 2.5x10"
33 8.0x10™
3.6 120 1.26x10™° 1.7x10"™
60 4.8x10™
35 1.6x10%
1.6 160 2.4x10™ 3.98x10"™°
77 1.02x10%
35 5.58x10™
N 2.0 450 1.5x10% 2.15x10™
(co-implant) 255 6.5x10™
Ga 2.0 1250 2.4x10™ 2.4x10™
(co-implant)

states and the extended states. For GaNxAS;.x, the downward shift of the lower subband E. can
account well for the reduction of the fundamental band gap using the known values of Ex=1.65
eV above the valence band maximum and Cyy=2.7 eV [17,18].

Since only asmall amount of N (<1%) can lead to alarge reduction in the energy band
gap of 111-N-V materials, ion implantation is an attractive and feasible approach to synthesize l11-
Nx-V1.x dloys. In this paper we report a study of the optical properties of GaNAS;.x and INNyP;x
alloy thin films formed by N ion implantation.

EXPERIMENTAL DETAILS

Nitrogen ions were implanted into semi-insulating GaAs and InP. Multiple energy N-
implantations were chosen to form ~2000-3500A thick layers with uniform N atomic
concentration. Several N doses were used to create dilute nitride layers with different implanted
N mole fraction, xim,.=0.8, 1.6, 1.8, 2, 3.6, 4.8%. It isimportant to recognize that only alimited
fraction of all the implanted N will occupy proper sublattice sites (i.e. get "activated") after
annealing. All implantations were carried out using a beam current of ~0.2-0.5pA/cm?. The
details of the implantation are tabulated in Tablel. For the Ga+N co-implanted GaAs samples a
3000A thick SiO;layer was deposited on the GaAs substrate before implantation. Rapid thermal
annealing (RTA) was carried out on the implanted samplesin aflowing N, ambient in the
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temperature range of 560-950°C for 5-120 seconds with the sample surface protected by either a
blank GaAs or InP wafer.

The band gap energy of the samples was examined by Photomodulated Reflectance (PR)
measurements at room temperature. Quasi-monochromatic light from a 300 W halogen tungsten
lamp dispersed by a 0.5 m monochromator was focused on the samples as a probe beam with
beam size ~1lmm. A HeCd laser beam (4420 A) chopped at 260 Hz provided the modulation.
PR signals were detected by a Ge or Si photodiode using a phase-sensitive lock-in amplification
system. The spectral resolution of the system at the GaAs band gap is <3meV.

RESULTSAND DISCUSSION

Fig. 1 shows a series of PR spectra from an unimplanted and N-implanted GaAs samples
with Ximp =1.8, 2 and 3.6% after RTA at 800°C for 10 sec. The PR spectrashown in Fig. 1
exhibit well-resolved spectral features related to the interband transitions. The significant
broadening of the features in the implanted samples can be attributed to the implantation
damage. The downward energy shift increases with implantation dose, similar to the band gap
energy reduction observed in GaN,As;.x aloys with increasing N content [2-6]. The possibility
of band-gap reduction (AE) due to lattice damage created by the implantation was also
investigated. PR measurements on a 200 keV Ga-implanted sample showed a considerable
broadening of the PR features but no noticeable shift of the PR transition energies[6]. These
observations indicate that although the lattice damage broadens the spectral features associated
with interband transitions the band gap reduction in the N-implanted GaAs samplesis adirect
result of the formation of GaN,As,.« alloy layers.

The"active" N contents (N incorporated on the As sublattice) in the ion beam
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Figure 2. Amount of N incorporated in the N
implanted GaAs samples with different

_ _ implanted N dose after RTA at 800°C 10sec.
Figure 1. A series of PR spectrafrom N The amount of active N was calculated from

implanted GaAs with implanted doses the band gap reduction as observed from
corresponding to N molefractionsof 1.8, 2and gure 1 using Equation (1).

3.6% after 10sec RTA at 800°C.
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synthesized GaN,As,.x layers were derived from the observed AE using Eq. (1). Theresultsare
shown in Fig. 2. It isseen from thisfigure that only a small fraction (<15%) of theimplanted N
is"active" in the GaAs samples after RTA at 800°C for 10 sec. Thelow N activation efficiency
was enhanced by more than a factor of two when an equal amount of Ga atoms was co-
implantedwith N in GaAs. Thisis apparently due to the creation of alocally non-stoichiometric
(Garrich) region with a high concentration of As vacancies available for N substitution. With Ga
co- implantation, an "active" N content of 0.65% has been achieved with a Xim, of only 1.8%.
Without Ga co-implantation, the highest "active' N content of 0.4% has been achieved by
implantation of 3.3% N into GaAs. Also, alarge decreasein AE was observed asthe RTA
temperature was increased. In fact, only a negligible band gap reduction AE (~10 meV)
wasobserved when the RTA temperature exceeded 900°C, indicating that less than 0.1% of N
remained substitutional in the As sublattice.

The optical transitions from InNxP1.x formed by N-implantation into InP and RTA at
800°C for 10sec are shown in Fig. 3. Similar to the case of N implanted GaAs, a monotonic
decrease in the band gap is observed as the implanted N dose increases. For the highest N dose
of 4.8%, the band gap is estimated to be 1.17eV, corresponding to AE=180 meV.

Figure 4 shows the dependence of the INN«P1.x band gap on the N mole fraction for epitaxially
grown thin films. The absorption datain the figure are from the original Bi and Tu study [4] and
the PR data were obtained by Shan et al. from similar INNxP1x thin films [19]. The solid linein
Fig. 4 isthe edge of the lower subband E. calculated from the band anticrossing model (Eg. (1)),
using Ey=1.35 eV for the InP matrix. The energy of the highly localized N level Ex=2.0 eV
relative to the valence band edge in InP was estimated from the valence band offset
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Figure 3. The PR spectrafrom N implanted band structure parameters of InP.

InP with Xijmp Of 0.008, 0.016 and 0.048 after
10sec RTA at 800°C.
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0.0150 | | | 0o DAeV(GaAdInP)=0.35¢eV. Wefound that the
experimental datain Fig. 4 are best described
~®-N content ] with a coupling matrix element Cyy=3.5 €V.
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Using thisfitted parameter, we calculated
the N content in InNyPy layers synthesized byN
implantation from the AE values; the results are
presented in Fig. 5. The amounts of N
incorporated in the P sublattice in the INNxP;«
layers were x=0.005, 0.0065 and 0.012 for
samples with Ximy= 0.008, 0.016 and 0.048,

‘ ‘ ‘ o respectively. Notice that the maximum x value
0 001 002 plamee-g3X 004 005 achieved, 0.012, exceeds that reported to date

(x=0.009) [4] for epitaxially grown INNxP1.x thin
films.

It is also important to notein Fig. 5 that the
activation efficiency of N in InP decreases as Xinp
increases. This may be the sign for alimited
solubility of N in the InP matrix. For
Nimplantation doses in the x;m, range of 0.01-
0.02, the activation efficiency is ~35-45%, over a
factor of 2 higher than that in N- implanted GaAs.
Moreover, only asmall decrease in AE (<20meV) is observed over the annealing range used in
this study, indicating that the N incorporated in the P sublattice are thermally stable to at least
850°C. Thisisin contrast to GaNxAs;x layers synthesized by N implantation in GaAs. For these
alloys we found that the configuration with N atoms substituting As sitesis thermally much less
stable.
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Figure5. The "active" N incorporated in
the P sublattice calculated from the band
gap reduction using the band anticrossing
model plotted as a function of implanted N.
The activation efficiency of N in the three
casesis also plotted.

The high activation efficiency and the good thermal stability of N in InP may be due to
the small difference between the bond energy of In-N (5.77 eV) and In-P (5.81 V). In contrast,
in the Ga-N-As system the Ga-N bond (6.81 eV) is much stronger than that of the Ga-As (5.55
eV). Thereforeit may be energetically more favorable for the N atoms to "deactivate”" by
forming GaN clusters during annealing. The smaller size difference between the N and P atoms
compared to that between the N and As atoms may also contribute to the improved substitution
of N in the P sublattice.

In addition to the lower subband E. that is responsible to the reduction in the fundamental
band gap in 111-Nx-V 1.« aloys, the band anticrossing model also predicts the formation of an
upper subband E. (Equation (1)). The PR spectrum on N implanted InP sample with Xin=0.016
after RTA at 800°C for 10sec taken over awide photon energy range (1.1-2.3 eV) reveals a new
PR feature corresponding to the transition associated with the E. edge at 2.1 €V. Thistransition
corresponds to an energy shift from the localized N states E.-En=100meV, in perfect agreement
with the downward energy shift Ey-E.=100 meV for this sample. This again confirms that the
band anticrossing model provides a quantitative description for the N induced modificationsin
the conduction band of the I11-Ny-V 1. alloy system.

CONCLUSION

We have successfully synthesized dilute I11-Ny-V 1.x alloys (with x=0.002-0.012) by N
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implantation in GaAs and InP. Band gap reductions in the range of 60-180meV were achieved
in these ion synthesized 111-Ny-V 1.« alloys. The band gap reduction can be explained by the
anticrossing interaction between the narrow band of localized N states and the extended
conduction band states of the host semiconductor matrix. INNyP;.x with N contents x as high as
0.012 was synthesized. Both the N activation efficiency and thermal stability of ion synthesized
INN«P1.x aloys were found to be higher than those for N implanted GaAs under similar
processing conditions.
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